Interactions between protein and RNA play a key role in many biological processes in the gene expression pathway. Those interactions are mediated through a variety of RNA-binding protein domains, among them the highly abundant RNA recognition motif (RRM). Here we studied protein-RNA complexes from different RNA binding domain families solved by NMR and x-ray crystallography. Characterizing the structural properties of the RNA at the binding interfaces revealed an unexpected number of nucleotides with unusual RNA conformations, specifically found in RNA-RRM complexes. Moreover, we observed that the RNA nucleotides that are directly involved in interactions with the RRM domains, via hydrogen bonds and hydrophobic contacts, are significantly enriched with unique RNA conformations. Further examination of the sequences binding the RRM domain showed a preference for G nucleotides in syn conformation to precede or to follow U nucleotides in the anti-conformation, and U nucleotides in C2' endo conformation to precede U and G nucleotides possessing the more common C3' endo conformation. These findings imply a possible mode of RNA recognition by the RRM domains which enables the recognition of a wide variety of different RNA sequences and shapes. Overall, this study suggests an additional way by which the RRM domain recognizes its RNA target, involving a conformational readout.
Introduction
Protein-RNA interactions play a key role in all steps of the gene expression pathway. During co-and post transcription regulation RNA-binding proteins (RBPs) interact with the growing mRNA regulating its processing, transport and localization. 1, 2 More recently, it has been shown that RBPs also regulate many non-coding RNAs and are involved in their processing and escorting to their place of action. 3 The interactions between RBPs and the RNA are mediated by a variety of protein domains. While single RNA-binding domains have been shown to be sufficient for RNA binding, many RBPs have a combination of multiple RNA-binding domains. 4, 5 RNA-binding domains can be classified into different subgroups according to their binding domain fold: ab protein domains, zinc-finger and multimeric motifs. The most common ab RNA-binding motifs are the RNA recognition motifs (RRMs), [6] [7] [8] the K-homology (KH) domains 9 that interact primarily with single-stranded RNA (ssRNA) and the double stranded RNA-binding domains (dsRBDs), which bind to double-stranded RNA (dsRNA). 10 Among the ab RNA-binding domains are also the Piwi Argonaut and Zwille (PAZ) domains that are found in proteins involved in the RNAi and microRNA processing pathway. 11, 12 Zinc-fingers (ZnF) are the most common nucleic-acids binding domains in eukaryotes. While the most common C2H2 ZnF domain is found mainly in DNA-binding proteins, the C2H2 and other ZnF domains have also been shown to bind RNA. 13 Another common RNA binding domain is the Pumilio domain which is composed of multimeric repetitive motifs. 14 During the last decade a large amount of structural data from X-ray crystallography and NMR, of protein-RNA complexes has been accumulating. Detailed analysis of the protein-RNA interactions of many of these complexes have demonstrated that RNA backbone interacts with the protein more frequently than the nucleotide bases, suggesting that the majority of RBP-RNA interactions are non-specific. [15] [16] [17] [18] [19] [20] Moreover, it has been shown that while in interactions via protruded surface the protein side chains often form electrostatic interaction with the backbone of the RNA in dented protein surfaces hydrogen bonds between the protein backbone and RNA bases are more frequent. 21 The diverse structures of the RNA molecules may also serve as specific recognition sites allowing the bases to be more exposed for hydrogen bonding or for stacking interactions with the protein side chains. [22] [23] [24] [25] In addition, the RNA bases themselves can adopt different conformations. 26, 27 A possible role for the RNA conformation in RNA-protein recognition was suggested for the splicing factor SRSF2. It was shown that flipping the base conformation of 2 consecutive nucleotides allowed SRSF2 to bind 2 different RNA sequences equally well. 28, 29 A similar phenomenon was observed in the case of the HuD RNA binding protein. 30 In previous studies, we demonstrated that ligand binding pockets on the ribosome are enriched in rare conformations of the nucleobase and the sugar pucker. 31 The prevalence of syn conformation was also shown in active sites of functional RNA. 32 Further, we demonstrated that nucleotides possessing the rare conformations are preferentially involved in direct interactions between RNA and small ligand. 33 Here we show that rare RNA conformations are also prevalent among nucleotides which bind proteins, specifically via the RRM domain. This suggests that RNA conformation may contribute to the recognition code by which proteins can specifically identify their targets. Based on our results, we suggest that conformation readout has evolved only in specific protein families.
Materials and Methods

Data extraction
Structures of Protein-RNA complexes were obtained from the PDB, including structures that were solved either by X-ray crystallography (<D3.5A ) or NMR. Structures with polypeptide chains less than 40 amino acid residues and polyribonucleotide less than 5 nucleotides were removed. BLASTCLUST was employed to remove redundancy 34 eliminating sequences which share more than 80% sequence identity. Further CLUSTALW 35 was employed to align the nucleotides sequences within each cluster. Finally, a representative of the cluster with the longest RNA sequence was chosen. The PFAM database was used to classify domains. 36 From each domain the protein-RNA interface residues were extracted using the Intervor web server 37 excluding water molecules. Complexes including less than 5 nucleotides in the RNA interface were removed. For protein chains including more than one domain we excluded information from domains which had an overlap of >50 % of nucleotides in the binding interface, the domain with the smaller interface was removed. The final set included 198 domains (Supplementary File S1). The "All RNA" was extracted from Kligun et al. 33 Structural properties calculations Characterizing the structural properties of RNA within the interfaces was conducted by MC-annotate program. 38 The features were extracted as described in 39 using an in-house Perl script converting the MC-annotate output files into binary format, i.e., each nucleotide was given a score of "1" when a specific property was present and a score of "0" when it was absent. To calculate the relative abundance of a specific property, the fraction of nucleotides in the interface possessing the relevant property was calculated. The scores for each property were further standardized by the Z score, relative to either all RNA interfaces of the RNA-protein domains or to the background of all RNA (solved by the same technique X-ray or NMR). Clustering was performed using MeV software, 40 applying K-Means clustering with Euclidean distance as the distance metric. The enrichment of specific domain families within the different clusters was evaluated using the chi square test for contingency table. Clusters which exhibited significant results were then analyzed using the Fisher' s exact test to specify the statistical significance enrichment of each domain group in the cluster.
Analysis of RNA-protein interactions
Intermolecular hydrogen bonds and hydrophobic contacts were calculated using the HBPLUS program. 41 The program computes all possible hydrogen atoms (H) between donor atoms (D) and acceptor atoms (A) that satisfy the distance and geometrical criteria for hydrogen bonding (see below). The distance criteria used to define a hydrogen bond were H-A distance <2.7A . Hydrophobic contacts were defined as all contacts between carbon atoms of the RNA and carbon atoms of the protein not involved in hydrogen bonds that were <3.9A apart. The statistical significance of nucleotides in syn or C2' endo conformations to be involved in interactions between the RNA and the RRM domain relative to the general abundance in all other protein-RNA interactions was evaluated based on the hyper geometric distribution using the Fisher' s exact test.
Results and Discussion
Rare RNA conformation in RNA-protein interfaces To study the role of RNA conformation in RNA-protein recognition, we extracted a set of non-redundant structures of protein-RNA complexes from the PDB and classified the domains to different RNA binding domain families, as described in details in the Materials and Methods section. Further we extracted the RNA interfaces and compared the structural features of the RNA to the features extracted from a data set of all RNA interfaces of the RNA-binding domains. Consistent with the knowledge that most RBPs bind ssRNA 33, 42, 43 we observed an overall preference for non-paired nucleotides in the RNA interfaces bound to the proteins, except for interfaces extracted from proteins belonging to the dsRBD family, which expectedly were enriched with the standard Watson-Crick pairing (WWcis). While for most RBPs we did not noticed any preference for a unique RNA-conformation at the RNA-protein interfaces, in some domain families, specifically in the RRM, we observed a significant enrichment for the rare RNA conformations, C2' endo and syn at the binding interface ( Table 1) . Further analysis of the nucleobases in the syn conformation showed a clear preference for purines (Table S1 ). These results are consistent with the fact that the rotation around the glycosidic bond from the common anti conformation to the less stable syn conformation, is more likely to occur in purines rather than in prymidines. 44 This is also in agreement with a previous study that showed a preference for purines among syn nucleobases in functional RNAs. 32 We also noticed that the C2' endo conformation, which was most significant in the RRM binding interfaces, was preferably found in U nucleotides (Table S1 ). It has been previously shown that the C2' endo unusual sugar pucker conformation provides less steric hindrance compared with the more common conformation C3' endo. Thus the C2' endo conformer is expected to be inherently more flexible, accommodating a wider range of allowed x values and involving a lower energy cost specifically for bases in syn conformation. [44] [45] [46] While the C2' endo conformation is relatively rare, it has previously been shown to play functionally important roles in RNA. [47] [48] [49] [50] Notably, since the complexes in our data set were solved by different techniques (X-ray crystallography and NMR) to ensure that the rare conformational properties are not biased by the technique used to solve the structure, we analyzed 100 randomly selected structures from the X-ray crystallography and from NMR. When calculating the frequency of the rare conformations in all structure we did not notice any significant differences between the 2 sets (P value < 0.38 for the syn conformation and P value < 0.2 for the C2' endo conformation, Mann-Whitney test). Overall, analysis of the subset of protein-RNA structures solved by X-ray crystallography with high resolution (better than 2.8A ) showed a very similar trend to what we found in the extended dataset (Table S2) .
Unique structural properties of RRM-RNA interfaces We further asked whether the RNA conformations and structural properties found in RNA interfaces associated with specific RNA-binding domains are characteristic properties of these domains. To this end, each interface was represented by a vector of properties normalized to a background of all RNA (Supplementary File S1). The interface vectors were then clusters using the K-means clustering (See Materials and Methods). As depicted in Figure 1A , the clustering resulted in 4 distinguished clusters. In Cluster 1 all interfaces were characterized by a preference for non-paired nucleotides with no enrichment of rare RNA conformations ( Fig. 1A; Fig. S1 ). Analysis of the RNA binding proteins families comprising this cluster (Fig. 1B) showed no enrichment for a specific RNA-binding domain family. On the contrary, in cluster 2 ( Fig. 1A; Fig. S1 ) which had an over representation of WW cis pairing, indeed, the primary family was the dsRBD (P value < 0.005, Fisher' s exact test), which appears only in this cluster (Fig. 1B) . The other group of interfaces in this cluster belonged to the ZnF domains that interact with dsRNA 13, 51 and to the helicase families, that are known to bind both ssRNA and dsRNA 52, 53 (Fig. 1B) . The two remaining clusters (clusters 3 and 4) showed a significant enrichment for the rare RNA conformations ( Fig. 1A; Fig. S1 ). As shown in Figure 1B the majority of the interfaces in this clusters belong to the RRM family (Fig. 1B) , significantly enriched in cluster 3 (P value < 0.015, Fisher' s exact test). Other domains represented in clusters 3 and 4 were mainly the S1/RNase and the KH (Fig. 1B) . Interestingly, while RRM and S1 domain are not considered close homologs, both are comprised of 2-stranded b-sheet core which have been shown to contribute several conserved aromatic residues for stacking interactions with the nucleic acid bases.
12,54,55 Nevertheless, the KH and the RRM share a similar fold and are considered the ancient RNA-binding domains. 56, 57 Furthermore, it has been shown that both domains recognize their RNA targets in a specific manner via amino acid side chains as well as via the main chain. 43 In this study we found that the interfaces of both the RRM and the KH domains were clustered together, showing a significant preference for rare RNA conformations in their binding interfaces (Fig. 1A,B; Fig. S1 ).
For comparison, we calculated the frequency of nucleotides in the interfaces and clustered the vectors using the K-means clustering (K D 4 ). As seen in Figure 1C , in clusters 1 and 2 the distribution of the 4 different nucleotides was relatively equal (Figs. 1C; Fig. S2 ), while cluster 3 was enriched with U ( Fig. 1C; Fig. S2 ) and cluster 4 was enriched with A ( Fig. 1C;  Fig. S2 ). However, none of the clusters showed enrichment for a specific RNA binding domain family (Fig. 1D) . These results reinforce that the enrichment of unique RNA conformation preferentially found in RRM and KH does not result from different nucleotides content of the RNA sequences bound to these protein families.
Enrichment of specific dinucleotides in RRM binding sequences
The observation that the RRM binding interfaces on RNA are enriched with rare RNA conformations led us to question whether the target sequences of proteins possessing the RRM domain are composed of unique compositions which tend to form the rare conformations. Given the limited amount of nonredundant data of protein-RNA complexes in the structural database we were not able to evaluate the statistical significance of all possible compositions, thus we concentrated on all possible dinucleotides possessing a rare conformation at either the first or the second nucleotide. Indeed, we found that the sequences that were extracted from RRM-RNA complexes were enriched for specific dinucleotides relative to the background of all RNA. Specifically, we observed an enrichment of G nucleotides in syn conformation to precede U nucleotides in anti-conformation (P value < 3.12e-08, Fisher' s exact test) as well as G nucleotides in syn conformation to follow U nucleotides in anti-conformation (P value < 1.72e-05, Fisher' s exact test) ( Fig. 2A ; Table S3A ). In addition, we observed a preference for G nucleotides in syn conformation to precede A nucleotides in anti-conformation (P value < 0.0002, Fisher' s exact test) and an unexpected enrichment of C nucleotides in syn conformation to precede U nucleotides in anti-conformation (P value < 0.0004, Fisher' s exact test) ( Fig. 2A ; Table S3A ). The three occurrences of CsynUanti were observed in 3 independent interactions between the RRM domains of the Polyprimidine Tract Binding protein (PTB) and the RNA (PDB codes 2AD9, 2ADB, 2ADC). Moreover we observed an enrichment of U nucleotides in C2' endo conformation to precede U nucleotides not in C2' endo conformation (P value < 3.18E-07, Fisher' s exact test) and U nucleotides in C2' endo conformation to precede G nucleotides not in C2' endo conformation (P value < 3.77E-06, Fisher' s exact test) ( Fig. 2B ; Figure 2 . The distribution of Syn and C2' endo conformations in dinucleotides binding to the RRM domain. Asterix indicates nucleotides in rare conformation (syn or C2' endo) (A) Heatmap demonstrating the statistical significant of the enrichment of the dinucleotides possessing the syn conformations in RNA bound to RRM relative to the background of All RNA. The statistical significance is represented by the -log P value of the enrichment calculated using the Fisher's exact test following the Bonferroni correction, color range from azure (not significant) to blue (highly significant) (B) Heatmap demonstrating enrichment of the dinucleotides possessing the C2' endo conformations in RNA bound to RRM relative to the background of All RNA. The statistical significance is represented by the -log P value calculated using the Fisher's exact test following the Bonferroni correction, color range from azure (not significant) to blue (highly significant). Table S3B ). Further, we noticed a preference for U nucleotides in C2' endo conformation to follow G nucleotides not in C2' endo conformation (P value < 0.0009, Fisher' s exact test) and A nucleotides in C2' endo conformation to follow A nucleotides not in C2' endo conformation (P value < 0.001, Fisher' s exact test) ( Fig. 2B ; Table S3B ). Taken together, we show that RNA sequences which are bound by the RRM domain are enriched for specific dinucleotides possessing unique RNA conformation. While as expected from the chemical nature of RNA nucleotides we noticed a preference for dinucleotides containing G in syn conformation 44, 32 and U in C2' endo conformation, we show that the RNA conformations were non-randomly distributed between all G and U containing dinucleotides, possibly providing an additional recognition code for RNA recognition by the RRM protein family.
Unique RNA conformations are involved in direct interactions with the RRM
We further wanted to examine whether the enriched conformations are preferably found among the nucleotides directly interacting with the RRM amino acids. Zooming into the nucleotides involved in direct interactions with the RRM domain, we again found that the Syn conformation was significantly enriched in the RRM-RNA interactions compared to all protein-RNA interactions (Fig. 3) . The latter was observed both when analyzing the interactions via hydrogen bonds (P value < 2.3e-09) and via hydrophobic contacts (P value < 2.2e-16). A very similar trend was observed for the rare C2' endo conformation (P value < 1.8e-05 for hydrogen bonds; P value < 2.2e-16 for hydrophobic contacts). Here again we found that interactions with the RRM domain preferably involve G nucleotides in syn conformations and U nucleotides in C2' endo conformation ( Fig. 3 ; Tables S4, S5 , S6, S7, and S8).
Further analysis of the interactions between nucleotides with rare RNA conformations and the amino acids revealed that G nucleotides in syn conformation is preferentially involved in hydrogen bond interactions with Arginine (Table S6C , Fig. 4B ) and with Phenylalanine via hydrophobic contacts (Table S8C ). In addition, we noticed a preference for U nucleotides in C2' endo conformation to contact Lysine via hydrogen bonds ( Fig. 4C ; Table S6B ) and Phenylalanine via hydrophobic contacts (Table S8B) . These results are consistent with the general preference of the positive amino acids to be involved in RNAprotein interactions.
We further wanted to explore whether amino acids in specific positions in the RNA-binding domains are preferentially involved in interactions with nucleotides in rare RNA conformations. When analyzing the interactions associated with the RRM domain we did not observe any preference for an amino acid in a specific location in the binding domain to be involved in interactions with a nucleotide possessing a rare conformation. Overall, most of the interactions with nucleotides in rare conformations involved amino acids located in b sheets, consistent with the well-established knowledge that the primary RNA binding surface of the RRM is the 4-stranded b-sheet. 43 While the amino acids involved in interactions with the rare nucleotides in RNA via hydrogen bonds were found in b2 and b4 of the RRM domain, the amino acids involved in hydrophobic contacts were mostly found in b1 and b3 (Tables S9A and S10A) . However, as shown in Supplemental Tables 9A and 10A , there was no significant difference between the distribution of amino acids involved in interactions with all RNA nucleotides to the distribution of the amino acids involved in interactions with nucleotides in rare conformations only. In addition to the conserved ab fold of the RRM, this domain is also characterized by 2 conserved sequences, RNP1 and RNP2.
8, 43 We further tested whether the amino acids interacting with rare conformations are preferentially located in one of these conserved regions, but again we did not observe any significant preferences (Tables S9B and S10B) . Moreover, while we did observe that the 3 conserved aromatic side-chains in the 2 central b strands (b1 and b3) of the RRM, known to be involved in interactions with positions N1 and N2 in the RNA target sequence, 8, 43 are commonly involved in aromatic interactions with nucleotides in rare conformations, there was no indication for preferential binding of one of these conserved residues to nucleotides in rare conformations (Table S10C) . Consistently, when exploring the interactions of amino acids in the KH domain to nucleotides with unique RNA conformational, we did not notice any significant preferences for residues located at specific regions of the KH domain 9, 43 to be involved in direct interactions with nucleotides in rare conformations (Table S11) .
RNA sequence-specific recognition versus RNA conformational recognition in RNA-proteins families Sequence-specific recognition modes were characterized for many RBP families, including the pumilio, 14, 58 ZnF, 59 KH 9 and the RRM. 60 In most of these families sequence specificity is achieved primarily via direct interactions between the amino acids side chains and the RNA base edges keeping the sugarphosphate backbone exposed to the solvent. 43 This type of binding differs from the binding of non-sequence specific RNA binding proteins to ssRNA (e.g helicases) 61 that is mainly mediated by positively charged side-chains that contact the sugar-phosphate backbone of the RNA, while the RNA bases are exposed to the solvent. 43 The binding of dsRBD has also been described as nonsequence specific, binding preferentially to a double stranded Aform RNA helix. Recent structural studies of dsRBPs have also demonstrated a direct readout of RNA sequence in the minor groove of the helix. 10 To investigate the relationship between RNA conformation and sequence-specific recognition in protein-RNA recognition, we analyzed the frequency of interactions with rare RNA conformations relative to the frequency of specific interactions (defined as the percent of hydrogen bonds between the amino acid side chains and the RNA base atoms from the total of all hydrogen bonds interactions). As can be noticed from Figure 4A , there is no correlation between the fraction of interactions involving nucleotides with rare conformational and the normalized frequency of sequence-specific interactions. While Znf and Pumilio domains which are characterized by high sequence specific interactions have very few interactions with nucleotides with unusual conformations, other domains with similar levels of sequence specific interactions, such as the RRM and KH were highly enriched with interactions via rare RNA conformations. On the contrary, both domains that showed low level of interactions via rare RNA conformations (the Helicase, Paz and dsRBD) and domain which are characterized by interactions via rare RNA conformations (such as S1) do not preferably bind their RNA targets via specific interactions.
Overall, our results suggest that RNA conformational provides an additional level by which RNA sequences can be recognized by RBPs. This recognition mode is mainly attributed to the RRM protein family, but also found in other families like the KH and the S1 domains with no correlation to the otherwise preference of these domains to bind the RNA via specific or nonspecific interactions.
Conclusions
In this study we explore the possible role of unique RNA conformation (specifically syn conformation and C2'endo conformations) in specific RNA recognition by proteins. Our comprehensive analysis of the RNA conformations in a broad non-redundant set of RNA-proteins 3D complexes solved by either X-ray crystallography or NMR revealed that while rare RNA conformation is not highly frequent in all RNA-protein complexes, it is significantly enriched in sequences bound to the RRM. Further, examination of the sequences binding the RRM domain showed a preference for specific dinucleotides containing the rare conformations. The overall enrichment of rare RNA conformations in RRM-RNA complexes was even more profound when looking at the subset of nucleotides directly involved in interactions with the protein. Overall, our results shed new light on RNA recognition in the most widespread RNA-binding domain in eukaryotes, suggesting a new mode of recognition, possibly explaining the highly diverse range of sequences which are bound via this domain.
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